at hours and days AEO in rat pups and in age-matched littermates with eyelids that were never opened (ENO). opening-induced and age-dependent changes in synaptic currents. At 6 hr after eye opening ( In a previous investigation from our laboratory, eyes Two Populations of Spontaneous NMDAR of rat pups were glued shut before eye opening (EO) Currents at 6 Hr AEO and then opened on P11, P13, and P16 (Yoshii et al., Spontaneous NMDAR (sNMDAR) currents were studied 2003). Compared to littermates whose eyes were not in the absence of tetrodotoxin (TTX) to minimize masking opened, in these animals large increases in the NMDAR small events in the baseline noise. Almost all spontanescaffolding protein PSD-95 were invariably present in ous currents BEO were relatively large and fast, indicacentral visual neuron dendrites within 6 hr of this contive of the mixture of NR2A-and NR2B-containing receptors that were previously documented in the sSC from P10 to P13 (Shi et al., 2000) . However, two distinctly
In ENO neurons, SS currents are never distinct from FB currents and remain infrequent. (C) sNMDAR current decay time, amplitude, and frequency at different intervals AEO. SS sNMDAR current decay time and amplitude remained stable until their disappearance between 3 and 7 days AEO. FB sNMDAR currents showed a rapid decrease in decay time between 12 and 24 hr AEO and continued a slow decrease for at least 7 days AEO. Frequencies of FB and SS sNMDAR currents increase between 6 and 24 hr AEO. FB currents decrease by 7 days AEO, while SS current frequency peaks at 24 hr AEO. (D) No changes in frequency or decay time of total sNMDAR currents were observed in ENO littermates, in contrast to the changes that were observed in frequency and decay time of total sNMDARs in the EO pups. n ϭ at least 7 or 8 neurons for each data point except for P13 ENO, where n ϭ 6. In general, for clarity, in this and all other figures where statistical data is graphed, significance is identified only for the two closest time points. The few exceptions to this represent intervals where it is particularly important to illustrate trends over longer intervals. different populations of sNMDAR currents were appar-(SS) rigidly defined group, even though a minority of FB currents were either fast with lower amplitudes or big ent at 6 hr AEO (Figure 1 ). The most frequent were indistinguishable in decay time, amplitude, and frequency with slow decays. The FB population continued to decrease in decay time, frequency, and amplitude until from the currents present in littermates BEO. These currents were generally greater than 13 pA in peak amplilast assessed at 7 days AEO. This may reflect an overall reduction in NMDAR currents as neuropil matures (Fox tude, with average decay times that decreased rapidly from 16 to 13 ms between 12 and 24 hr AEO (Figure et al., 1991 ; Binns and Salt, 1998). The second, SS population of sNMDAR currents had 1C). This population was termed fast and big sNMDAR (FB) currents to distinguish them from the smaller slower both small amplitudes (Ͻ13 pA) and slow decay times (Ͼ15 ms; Figure 1A ). SS currents were only 4% of the receptors mediating FB currents contain NR2B subunits, while SS currents are mediated by NMDARs that total number of sNMDAR currents BEO. At 6 hr AEO, the SS population jumped to 11% of the total population, only contain the NR2B subunit. Scaled averages of FB and SS sNMDAR current types but the average peak amplitude declined, and the average decay time increased significantly ( Figure 1B) , sugwere compared ( Figure 1A , inset) and revealed nearly coincident rise times, suggesting that the prolongation gesting that the increased frequency was due to new NMDAR-containing contacts that contained more slow of SS currents is not due to a more distal dendritic position of the contacts from which they arise. However, NMDAR currents and fewer receptors. Maintaining these lower amplitudes and longer decay times (9 pA this overlap in rise time does not indicate that FB and SS currents are driven by the same projection, because and 18 ms), the SS population peaked at 21% total by 24 hr AEO. At 3 days AEO, they dropped to 13% of the the rough dendritic segregation of cortical and retinal inputs in the mature sSC is unlikely to be established total sNMDAR currents, and at 7 days AEO, SS currents disappeared ( Figure 1B , left column, Figure 1C , and at this age. A small number (4%-5%) of sNMDAR currents that Supplemental Figure S1 at http://www.neuron.org/cgi/ content/full/43/2/237/DC1). Furthermore, SS currents met the size and decay time criteria of SS currents were observed in neurons from ENO pups ( Figure 1B , right were present in only ‫%82ف‬ of the recorded neurons at their most prevalent time point (6 hr AEO; Supplemental column). However, these were never distinguishable as a distinct group in amplitude versus decay time scatter Figure S1 at http://www.neuron.org/cgi/content/full/43/2/ 237/DC1). Thus, SS currents may be expressed broadly plots from individual neurons. Also, the numbers of SS currents in ENO pups did not change with age. Figures in sSC neurons but for a short interval in each cell, or they may be transiently present in only a subset of cells. This 1D and 1E compare sNMDAR current data averaged at each time point for EO and for ENO pups. The averaging analysis cannot discriminate these alternatives. Nor can it determine whether changes in corticocollicular inputs, process minimizes decay time changes of FB sNMDARs in the EO group and also obscures the fact that the low retinocollicular inputs, or all inputs are driving SS currents. Nevertheless, a number of observations suggest frequency of sNMDAR currents in the ENO group is due to the absence of SS sNMDARs. a fast conversion of SS into FB currents with time AEO.
(1) The rapid appearance and disappearance of a peak NMDAR currents with long decay times frequently show a high sensitivity to low concentrations of the in "silent synapses" and the low incidence of such contacts (presented below). (2) Decreased FB amplitudes atypical NMDAR antagonist ifenprodil, which specifically blocks NR2B-rich receptors (Williams et al., 1993). and increased FB frequencies at 24 hr AEO, when SS current frequencies peak. (3) FB currents that appear to
We examined the subunit composition of the sNMDAR currents using ifenprodil at 24 hr AEO. Ifenprodil rebe intermediate between the rigidly defined SS currents and currents that have both large amplitudes and short duced the decay time of sNMDAR currents, decreased the amplitude of the average sNMDAR current, and also decay times. (4) As will be seen in Figure 2 , some of the The large transient increases in NMDAR current decay and collicular inputs, as they were elicited by stimulating times were never seen in recordings from ENO litelectrodes placed in the stratum opticum, where both termates ( Figure 3B , bottom graph). Rather, in these retinal and cortical afferents are intermixed. NMDAR animals, between P13 and 15, neurons showed a deevoked currents were studied from P9 to P19 and in crease in evoked NMDAR current decay time, sugpups with their eyes opened on P12 (before normal EO) gesting continuation of the slow addition of NR2A-rich and on P14 (after normal EO). NMDAR evoked current NMDARs at synapses and a relative decrease in periamplitude, measured at the midpoint between the minisynaptic NR2B-rich receptors. mal and maximal evoked NMDAR currents, did not change. However, large significant increases in evoked Silent Synapses Peak at 6 Hr AEO NMDAR current decay times began at 12 hr AEO, peaked
The possibility that SS sNMDAR currents represent an early stage of synaptogenesis motivated a study of silent at 24 hr AEO, and were gone by 48 hr AEO regardless and 5B). Some increases with age in miniature AMPAR current apses should be present AEO. Neurons from pups BEO and at 6 hr, 12 hr, 24 hr, and 3 days AEO were examined amplitude and frequency were detected in animals with ENO ( Figures 5C and 5E ), but these increases were small for silent synapses ( Figure 4A ). Three to four litters were used at each interval, and the proportion of silent synand slow compared to the rapid changes in the EO group (Figures 5C and 5D ; Sign test; amplitude, p Ͻ 0.05; apses from each litter was averaged to obtain the graph shown in Figure 4C . Cells with silent synapses were frequency, p Ͻ 0.01). Thus, EO-associated increases in AMPAR currents lag EO-associated increases in scarce. However, this proportion peaked at 6 hr after EO.
Decay times of evoked NMDAR currents from silent NMDAR currents and the peak in silent synapses by up to 6 hr. synapses at 6 hr AEO (n ϭ 8 neurons) were compared to evoked NMDAR currents from ten randomly selected, Increases in evoked AMPAR currents were also detected at 12 hr AEO as increases in the maximal evoked nonsilent synapses that were recorded at 6 hr AEO. The average outward NMDAR current at the silent synapses AMPAR current amplitudes ( Figure 6A ). However, increases in AMPAR:NMDAR evoked current amplitude was significantly longer than the average at nonsilent synapses (188.0 Ϯ 3.4 ms versus 156.3 Ϯ 4.8 ms; p Ͻ and density ratios were not detected until 24 hr AEO ( Figure 6B ). In addition, non-NMDAR/NMDAR peak 0.01), supporting the hypothesis that many of the SS NR2B-rich NMDAR currents at 6 hr AEO represent current amplitude ratios had the same long latency irrespective of whether EO occurred at P12 or P14, sugfounding receptors at nascent synaptic contacts. mV, non-NMDAR-mediated jumps in synaptic current to successively stronger electrical stimuli were recorded. At each stimulus level, several stimuli were applied to assure that an increase was stable. Each stable jump in response current was scored as a separate input. The method provides a rough estimate of the number of axons in the stimulated bundle that make excitatory contacts on the patched neuron. As neuropil matures, the number of discrete jumps in the amplitudes of the excitatory currents gives a relative measure of changes in the number of different axons terminating onto a postsynaptic neuron over time ( Figure 7C ). Estimates of inputs in EO and ENO littermates are shown in Figure 7D . At each of the time points that were studied, littermates with EO showed significantly lower numbers of different inputs than their ENO siblings. The most rapid synapse elimination occurred during the first 24 hr AEO ( Figure  7E ), concurrent with most of the receptor current changes described above. 
Discussion

